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We evaluated the molecular mechanism for resistance of 360 enterococci for which the gentamicin MICs
were >128 �g/ml. The aac(6�)-Ie–aph(2�)-Ia, aph(2�)-Ic, and aph(2�)-Id genes were identified by PCR in isolates
from animals, food, and humans. The aph(2�)-Ib gene was not identified in any of the isolates. Two Enterococcus
faecalis isolates (MICs > 1,024 �g/ml) from animals failed to generate a PCR product for any of the genes
tested and likely contain a new unidentified aminoglycoside resistance gene. Pulsed-field gel electrophoresis
(PFGE) analysis showed a diversity of strains. However, 1 human and 18 pork E. faecalis isolates from
Michigan with the aac(6�)-Ie–aph(2�)-Ia gene had related PFGE patterns and 2 E. faecalis isolates from Oregon
(1 human and 1 grocery store chicken isolate) had indistinguishable PFGE patterns. We found that when a
gentamicin-resistant gene was present in resistant enterococci from animals, that gene was also present in
enterococci isolated from food products of the same animal species. Although these data indicate much
diversity among gentamicin-resistant enterococci, the data also suggest similarities in gentamicin resistance
among enterococci isolated from humans, retail food, and farm animals from geographically diverse areas and
provide evidence of the spread of gentamicin-resistant enterococci from animals to humans through the food
supply.

Enterococci are important nosocomial pathogens. Multi-
drug resistance is common among enterococci and presents a
formidable treatment problem. High-level (MIC � 2,000 �g/
ml) gentamicin resistance (HLGR) in enterococci, first de-
scribed in 1979, is a significant therapeutic problem, particu-
larly for patients with endocarditis (21, 23). Until recently,
aac(6�)-Ie–aph (2�)-Ia was the only reported gene associated
with HLGR in enterococci (6, 14). This bifunctional gene con-
fers resistance to essentially all clinically available aminoglyco-
sides except streptomycin, thereby eliminating synergism be-
tween aminoglycosides and a cell-wall-active agent such as
ampicillin or vancomycin (6, 7). This gene has been detected in
various species of enterococci significant to human infection
and among enterococci isolated from food-producing animals.

Three recently identified gentamicin-modifying genes are
also associated with gentamicin resistance in enterococci and
the elimination of synergy between aminoglycosides and cell-
wall-active agents (8, 16, 27). The aph(2�)-Ib gene is associated
with gentamicin (MIC � 500 �g/ml) and other types of ami-
noglycoside resistance in Enterococcus faecium and Escherichia

coli and appears to be linked with the aac(6�)-Im aminoglyco-
side resistance gene in both enterococci and gram-negative
bacilli (9, 16). This gene has been detected in vancomycin-
resistant E. faecium isolates from hospitalized patients (16).
The aph(2�)-Ic gene is associated with gentamicin MICs of 128
to 512 �g/ml and the elimination of ampicillin/gentamicin syn-
ergism (8). The aph(2�)-Ic gene was first described in 1997 in a
veterinary isolate of Enterococcus gallinarum and has also been
identified in human E. faecium and Enterococcus faecalis iso-
lates (8). The aph(2�)-Id gene, first described in 1998 in a
human Enterococcus casseliflavus isolate, confers high-level re-
sistance to gentamicin but not to amikacin (27). This gene has
been detected in several vancomycin-resistant E. faecium iso-
lates from hospitalized patients (27).

To further the understanding of the potential spread of
gentamicin resistance genes among enterococci, we evaluated
the gentamicin-resistant enterococci isolated from humans,
food, and farm animals from six states for strain relatedness
and molecular mechanisms of resistance.

MATERIALS AND METHODS

Source of isolates. Forty-one enterococci were isolated from human stool
specimens from outpatients submitted for diagnostic purposes to clinical micro-
biology laboratories. This included isolates from outpatients in Georgia, Mary-
land, Michigan, Minnesota, and Oregon. Human stool specimens were collected
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from 1998 to 2000 except specimens from Michigan, which were collected in 1999
and 2000.

One hundred five isolates were obtained from food purchased in grocery
stores: 39 isolates were from whole chickens purchased from at least 28 stores in
Georgia, Maryland, Michigan, Minnesota, and Oregon in 1998 or 1999, and 66
isolates were from ground pork purchased from 12 stores in Michigan in 1999
and 2000. Two hundred fourteen isolates were isolated from healthy animals on
farms: 15 isolates from six chicken farms, 107 isolates from nine dairy cattle
farms, 50 isolates from nine swine farms, and 42 isolates from eight turkey farms.
Isolates were collected in Michigan between 1995 and 2000 except the chicken
isolates, which were collected in Indiana in 2000. Except for 13 turkey isolates
that were obtained from cloacal cultures of individual animals in 1995 and 1996,
chicken and turkey specimens were collected via drag culture of the poultry litter,
which contained fecal waste. Cattle and swine isolates were isolated from stool
specimens collected from individual animals.

Isolation and identification. A total of 5.0 ml of selective broth was added to
approximately 0.5 g of human stool or animal feces. Drag swabs were processed
by vortexing specimens in 300 ml of sterile saline and inoculating 1 ml of
suspension into 10 ml of selective broth. Grocery store chicken specimens were
sampled by placing whole chicken carcasses in a sterile bag and adding 400 ml of
sterile buffered peptone water and massaging for 30 s to ensure that all surfaces
were rinsed. A total of 100 ml was withdrawn and incubated at 37°C for 24 h, and
then 0.5 ml was inoculated to 5 ml of selective broth. Pork specimens were
sampled by adding 25 g of ground pork to 100 ml of buffered peptone water in
a sampling filter bag (Cole-Parmer Instrument Co., Vernon Hills, Ill.) and
massaged for 2 min. The filter bag was removed, the rinse water was incubated
at 37°C for 24 h, and then 0.5 ml of the ground pork rinse was inoculated to 5 ml
of selective broth. Selective broth for all cultures consisted of Enterococcosel
(Becton Dickinson, Cockeysville, Md.) broth containing gentamicin at 100 �g/ml.
After 72 h of incubation at 37°C, selective broth cultures were subcultured to
solid media and incubated at 37°C. Selective broths from human and food
samples were cultured on solid media consisting of Ford agar base, pH 7.8
(consisting of Columbia agar base, phenol red broth base, and raffinose), con-
taining 100 �g of gentamicin/ml (15). Selective broths from animal feces and
drag samples were cultured on solid media consisting of enterococcal agar
containing 100 �g of gentamicin (American Pharmaceutical Partners, Los An-
geles, Calif.)/ml. Representative colonies were selected from solid media and
identified by conventional biochemical reactions (13). Susceptibility to gentami-
cin was determined by a standardized microdilution method (22). Strains for
which MICs were �2,000 �g/ml were considered HLGR.

PFGE. Genomic DNA was prepared according to previously published meth-
ods (12). Sample plugs were digested with 30 U of SmaI (New England Biolabs,
Beverly, Mass.), loaded on a 0.8% agarose gel in 0.5� TBE buffer (45 mM Tris,
45 mM boric acid, 1 mM EDTA), and electrophoresed on a CHEF-DRIII
apparatus (Bio-Rad) with the following parameters: initial switch time, 5 s; final
switch time, 35 s; start ratio, 1; voltage, 6 V/cm; run time, 17 h; temperature,
14°C. A Lambda ladder pulsed-field gel electrophoresis (PFGE) marker (New
England Biolabs) was used as the size standard. The gel was stained with
ethidium bromide and visualized on a UV transilluminator. Strains were con-
sidered related by PFGE if their patterns differed by one to three bands (25).

PCR. DNA was amplified by PCR with a PerkinElmer model 480 thermal
cycler. The reaction mixtures contained 1� PCR buffer (GIBCO BRL), 200 �M
deoxynucleoside triphosphate, 1.25 U of Taq polymerase (GIBCO BRL), one or
two colonies of organism, and 0.1 �g of each primer. The final reaction volume
was 50 �l, and samples were covered with 1 drop of mineral oil. PCR was
performed with a precycle of 10 min at 94°C and cycles of 1 min at 94°C, 1 min
at 55°C, and 3 min at 72°C; these were followed by 10 min at 72°C. The synthetic
oligonucleotide primers used to detect the genes are as follows: for the aac(6�)-
Ie–aph(2�)-Ia gene, 5�-GAGCAATAAGGGCATACCAAAAATC-3� and 5�-CC
GTGCATTTGTCTTAAAAAACTGG-3�; for the aph(2�)-Ib gene, 5�-TATGG
ATTCATGGTTAACTTGGACGCTGAG-3� and 5�-ATTAAGCTTCCTGCTA
AAATATAAACATCTCTGCT-3�; for the aph(2�)-Ic gene, 5�-GAAGTGATG
GAAATCCCTTCGTG-3� and 5�-GCTCTAACCCTTCAGAAATCCAGTC-3�;
and for the aph(2�)-Id gene, 5�-GGTGGTTTTTACAGGAATGCCATC-3� and
5�-CCCTCTTCATACCAATCCATATAACC-3�.

Filter matings. Filter matings were performed with E. faecium and E. faecalis
isolates by using the plasmid-free E. faecium GE-1 recipient strain and the
plasmid-free E. faecalis FA2-2 recipient strain. Filters were incubated for 24 h,
and transconjugants were selected on brain-heart infusion agar (EM Science)
containing 500 �g of gentamicin (APP)/ml, 50 �g of rifampin (Sigma)/ml, and 25
�g of fusidic acid (Sigma)/ml. Transfer frequencies were expressed as the num-
ber of transconjugants divided by the number of recipients.

RESULTS

We evaluated 360 enterococci for which gentamicin MICs
were �128 �g/ml: 258 isolates with HLGR (MIC � 2,000
�g/ml) and 102 for which the gentamicin MICs were 128 to
1,024 �g/ml. Of the 360 isolates, there were 251 (69.7%) E.
faecalis, 104 (28.9%) E. faecium, 3 (0.8%) E. casseliflavus, and
2 (0.6%) E. gallinarum isolates.

Of the 360 gentamicin-resistant enterococci evaluated, 259
(72%) contained the aac(6�)-Ie–aph (2�)-Ia gene, 66 (18%)
contained the aph(2�)-Ic gene, and 33 (9%) contained the
aph(2�)-Id gene (Table 1). The aph(2�)-Ib gene was not de-
tected in any of the isolates tested. Two E. faecalis isolates
(MICs � 1,024 �g/ml), one from pork and one from a chicken
farm, failed to generate a PCR product for any of the genes
tested.

Of the 259 isolates that contained the aac(6�)-Ie–aph(2�)-Ia
gene, there were 223 that were HLGR and 36 for which gen-
tamicin MICs were 128 to 1,024 �g/ml. The aac(6�)-Ie–
aph(2�)-Ia gene was detected in 39 (95%) of 41 human stool
isolates; 83 (79%) of 105 food isolates, which consisted of 27
(69%) of 39 grocery store chicken isolates and 56 (85%) of 66
ground pork isolates; and 137 (64%) of 214 animal isolates,
which consisted of 10 (67%) of 15 chicken isolates, 62 (58%) of
107 dairy cow isolates, 39 (78%) of 50 swine isolates, and 26
(62%) of 42 turkey isolates. Seventy-five percent of E. faecalis
isolates, 63% of E. faecium isolates, all three E. casseliflavus
isolates, and both of the E. gallinarum isolates tested contained
the aac(6�)-Ie–aph(2�)-Ia gene. The 259 isolates that contained
aac(6�)-Ie–aph(2�)-Ia yielded 88 unique PFGE strain types.
However, five E. faecalis isolates with aac(6�)-Ie–aph(2�)-Ia
isolated from grocery store chickens purchased in Georgia,
Maryland, and Oregon had related PFGE patterns (Fig. 1).
Furthermore, three isolates from Georgia had indistinguish-
able PFGE patterns and one isolate from Maryland and one
from Oregon were also indistinguishable (Fig. 1). Two E. fae-
calis isolates with aac(6�)-Ie–aph(2�)-Ia, isolated from human
stools collected in Oregon and a grocery store chicken pur-
chased in Oregon, also were indistinguishable by PFGE (Fig.
1). Furthermore, 19 E. faecalis isolates with the aac(6�)-Ie–
aph(2�)-Ia gene (isolated from 1 human stool and 18 pork
specimens) had related PFGE patterns; the human isolate and
9 of the pork isolates had indistinguishable PFGE patterns,
while the other 9 pork isolates differed from the human isolate
by one to three bands (Fig. 2). These pork isolates were iso-
lated from ground pork purchased from 12 stores in Michigan
over a 12-month period in 2000. The human isolate was iso-
lated during the same period in Michigan. This strain type was
not seen in any of the chicken or pork isolates from the other
states.

Of the 66 isolates with aph(2�)-Ic, 3 were HLGR, while the
MICs for the other 63 ranged from 128 to 1,024 �g/ml. One
(2.5%) of 41 human, 9 (14%) of 66 ground pork, 45 (42%) of
107 dairy cattle, and 11 (22%) of 50 swine isolates had the
aph(2�)-Ic gene. aph(2�)-Ic was not detected in farm chicken
isolates or grocery store chicken isolates. Ninety-one percent
of isolates with aph(2�)-Ic were E. faecalis, and 9% were E.
faecium. Of all the isolates tested, 24% of E. faecalis isolates
and 6% of E. faecium isolates contained the aph(2�)-Ic gene.
The 66 isolates with aph(2�)-Ic yielded 17 unique PFGE pat-
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terns. However, there were four groups of E. faecalis isolates
with aph(2�)-Ic that had PFGE patterns that, while distinguish-
able between groups, were indistinguishable among isolates
with each group: three swine isolates, four dairy cattle isolates,
six pork isolates, and a group of nine isolates that included
eight dairy cattle isolates and one swine isolate. Furthermore,
one isolate from a dairy cow and six isolates from swine had
related PFGE patterns. Transfer frequencies for E. faecium

and E. faecalis isolates containing the aph(2�)-Ic gene were
10�9 to 10�2.

Of the 33 isolates with aph(2�)-Id, all were HLGR E. fae-
cium. The aph(2�)-Id was detected in 1 (2.5%) of 41 human, 12
(31%) of 39 grocery store chicken, 4 (27%) of 15 chicken, and
16 (38%) of 42 turkey isolates. The one isolate from a human
was collected in Michigan. The 32 isolates with aph(2�)-Id from
food or animals were all isolated from poultry (chickens or
turkeys): 12 isolates from grocery store chickens from five

FIG. 1. PFGE of SmaI-digested genomic DNA from gentamicin-
resistant E. faecalis from grocery store chicken isolates and one human
isolate. Lanes 1, 4, and 10, Lambda ladder DNA standard; lanes 2 and
3, human and grocery store chicken isolates, respectively, from Oregon
with indistinguishable PFGE patterns; lanes 5 through 7, grocery store
chicken isolate from Georgia with indistinguishable PFGE patterns;
lanes 8 and 9, grocery store chicken isolates from Maryland and Ore-
gon with indistinguishable PFGE patterns.

FIG. 2. PFGE of SmaI-digested genomic DNA from gentamicin-
resistant E. faecalis isolated from human and ground pork samples in
Michigan. Lanes 1 and 9, Lambda ladder DNA standard; lane 2,
human isolate; lanes 3 through 8, ground pork isolates with related
PFGE patterns.

TABLE 1. Gentamicin resistance gene content of gentamicin-resistant enterococci from humans, food, and food-producing animals

Gentamicin resistance gene
and species Total

Sources/No. positive

Human
Food Food-producing animal

Chicken Pork Chicken Turkey Swine Dairy

aac(6�)-Ie–aph(2�)-Ia
E. faecalis 189 28 24 56 6 15 36 24
E. faecium 65 11 2 0 4 7 3 38
E. casseliflavus 3 0 0 0 0 3 0 0
E. gallinarum 2 0 1 0 0 1 0 0

Total (%) 259 (72) 39 (95) 27 (69) 56 (85) 10 (71) 26 (62) 39 (78) 62 (58)

aph(2�)-Ic
E. faecalis 60 0 0 9 0 0 10 41
E. faecium 6 1 0 0 0 0 1 4

Total (%) 66 (18) 1 (2.5) 0 (0) 9 (14) 0 (0) 0 (0) 11 (22) 45 (42)

aph(2�)-Id
E. faecalis 0 0 0 0 0 0 0 0
E. faecium 33 1 12 0 4 16 0 0

Total (%) 33 (9) 1 (2.5) 12 (31) 0 (0) 4 (27) 16 (38) 0 (0) 0 (0)

Total (%) 360a 41 39 66a 15a 42 50 107

a Two E. faecalis isolates (gentamicin MICs � 1,024 �g/ml) from pork and a chicken farm failed to generate a PCR product for any of the genes tested.
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states, which consisted of 2 from Georgia, 1 from Maryland, 2
from Michigan, 1 from Minnesota, and 6 from Oregon; 4
isolates from two chicken farms in Indiana; and 16 isolates
from turkey farms in Michigan. The 33 isolates with aph(2�)-Id
yielded 30 unique PFGE patterns. However, two E. faecium
isolates with aph(2�)-Id from grocery store chickens from Or-
egon were indistinguishable and two E. faecium isolates from
chicken farms in Indiana were indistinguishable. Transfer fre-
quencies for these E. faecium isolates ranged from �10�9 to
10�3.

DISCUSSION

The reservoirs and sources of gentamicin resistance in en-
terococci have not been fully defined, particularly for the three
most recently identified genes. The purpose of this study was to
compare PFGE strain types and the aminoglycoside resistance
gene content of enterococci among different sources (humans,
animals, and retail food) rather than determine the prevalence
of gentamicin resistance among enterococci from these
sources. Although, earlier studies have reported the frequent
isolation of gentamicin-resistant enterococci in food-producing
animals (S. M. Donabedian, P. S. Bozigar, M. B. Perri, E.
Hershberger, L. A. Thal, P. Bartlett, R. Jones, and M. J. Zer-
vos, Abstr. 41st Intersci. Conf. Antimicrob. Agents Che-
mother., abstr. 1873, 2001), little information is available on
the gentamicin-resistant enterococci isolated from retail food
or from humans in the community. In our study, we confirmed
gentamicin resistance from human stool specimens and from
chicken and pork purchased in grocery stores. We also found
evidence of dissemination across a broad geographical area of
the United States.

The aac(6�)-Ie–aph(2�)-Ia gene was the most common gene
among the gentamicin-resistant isolates evaluated in this study.
This gene was detected in various enterococcal species, includ-
ing the E. faecalis, E. faecium, E. gallinarum, and E. casselifla-
vus isolates collected from human stool, chicken, and pork
purchased in grocery stores and chickens, dairy cattle, swine,
and turkeys on farms. These observations provide evidence of
a large reservoir for this resistance gene in humans, food, and
food-producing animals, indicating widespread dissemination
of this resistance determinant. E. faecalis isolates with indis-
tinguishable PFGE patterns that contained the aac(6�)-Ie–
aph(2�)-Ia gene were isolated from a human stool specimen
and pork samples from different grocery stores in the same
state. Similarly, E. faecalis isolates with indistinguishable
PFGE patterns that contained the aac(6�)-Ie–aph(2�)-Ia gene
were isolated from a human stool specimen and chicken pur-
chased from a grocery store in the same state.

In a previous study, the aph(2�)-Ic gene was found infre-
quently and was limited to human E. faecalis and E. faecium,
equine E. gallinarum, and goose E. faecium (8). The human
isolates were from clinically ill persons. Our report is the first
description of the aph(2�)-Ic gene in E. casseliflavis and the first
identification of the gene in enterococci isolated from food
(pork) purchased from a grocery store. In addition, we de-
tected the aph(2�)-Ic gene in gentamicin-resistant enterococci
isolated from dairy cattle and swine farms. It is notable that we
detected the aph(2�)-Ic gene in 14% of gentamicin-resistant
enterococci from pork purchased from grocery stores and 22%

of gentamicin-resistant enterococci from pigs on the farm but
did not detect the gene in gentamicin-resistant enterococci
isolated from the chicken from grocery stores or on farms.
Further sampling is necessary to confirm this specificity.

The aph(2�)-Id gene has previously been described in only a
few human strains of vancomycin-resistant enterococci: a van-
comycin-resistant E. casseliflavus isolate and vancomycin-resis-
tant E. faecium isolates from an outbreak in four hospitals (27).
Our report is the first identification of the aph(2�)-Id gene in
enterococci isolated from food purchased from grocery stores
and food-producing animals on farms. It is notable that we
detected the aph(2�)-Id gene only in E. faecium isolates and
only in poultry. We detected the gene from 31% of gentamicin-
resistant enterococci from chicken purchased from grocery
stores and 29% of gentamicin-resistant enterococci from chick-
ens on farms. We also detected the gene in 38% of gentamicin-
resistant isolates from turkey farms. Again, further sampling is
necessary to confirm this specificity, but these data suggest that
poultry may be a specific reservoir for this gene, which has
been associated with clinical illness in humans. It is also note-
worthy that two HLGR isolates, one from pork purchased
from a grocery store and one from a chicken farm, failed to
generate a PCR product for any of the genes tested and there-
fore may contain a new gentamicin resistance gene; further
studies are ongoing.

The results of this study show a commonality of gentamicin-
resistant determinants and gentamicin-resistant enterococcal
isolates among humans, food, and food-producing animals
over a broad geographical area. Because we have shown that
enterococci isolated from animals and humans possess the
same aminoglycoside resistance gene content, it will be impor-
tant to determine the transferability of these resistance genes
since the dissemination of genes can occur by horizontal trans-
fer. Our additional findings of a high prevalence of gentamicin-
resistant enterococci in the feces of food-producing animals on
farms also suggest that the occurrence of gentamicin-resistant
enterococci in food can be attributed to the presence of the
organism in food-producing animals. Furthermore, it is likely
that the occurrence of gentamicin-resistant enterococci in
food-producing animals is a consequence of gentamicin use in
these animals. There is clear evidence that, with an increase in
the consumption of antimicrobial agents by humans or ani-
mals, there is a resultant increase in antimicrobial resistance
(1–5, 10, 11, 18–20, 26, 28–34). Gentamicin is commonly used
in swine and widely used in chickens and turkeys. For example,
it is estimated that 80% of the 8 billion chickens raised for
meat (broilers) each year in the United States are treated with
gentamicin in the absence of disease for the prevention of early
mortality (20).

Importantly, our findings demonstrate that food-producing
animals are an important reservoir for gentamicin-resistant
enterococci and are a source of such bacteria for humans. We
found that when gentamicin-resistant genes are present in the
resistant enterococci isolated from animals, they are also
present in the enterococci isolated from food products of the
same animal species. Similarly, when they are absent in the
animals, they are absent in the corresponding food product.
We also found that two genes that are found rarely in human
isolates, aph(2�)-Ic and aph(2�)-Id, were more prevalent in
several food-producing animals. Finally, we found indistin-
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guishable gentamicin-resistant enterococcal isolates with com-
mon resistant determinants from humans and food. Taken
together, these findings suggest that gentamicin-resistant en-
terococci, which are clinically important pathogens, are trans-
mitted from food-producing animals to humans through the
food supply. Since the use of gentamicin in food-producing
animals will create selective pressure to increase the emer-
gence and dissemination of gentamicin-resistant enterococci,
there is a need to prevent the misuse and overuse of gentami-
cin in food-producing animals.
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